BACKGROUND: In the current study, the authors attempted to describe the incidence, most common sites, and mortality of second primary malignancies among survivors of common cancers.
INTRODUCTION
It is estimated that 1 in 4 deaths in the United States is related to cancer; however, death rates are reported to have fallen by 22% between 1991 and 2011. 1 These improved outcomes have resulted in a growing population of cancer survivors in the United States. In fact, 14 million cancer survivors were alive in the United States in 2012, and that number is expected to increase to nearly 20 million by 2024. 2, 3 With such a large population, many of these cancer survivors are at risk of developing a second primary malignancy. Multiple primary cancers now account for approximately 17% of all incident cancers reported each year to the National Cancer Institute's Surveillance, Epidemiology, and End Results (SEER) program. 4 Furthermore, among select subgroups of cancer survivors, the lifetime risk of developing second primary malignancies may be as high as 33%, with many of these being lethal. [5] [6] [7] [8] Cancer survivors may be especially susceptible to developing second primary malignancies due to a variety of unique factors, including genetic syndromes, 9 common etiologic exposures, 10, 11 and the late effects of chemotherapy and radiotherapy. [12] [13] [14] Given the longer duration of cancer survivorship and the substantial percentage of survivors at risk of developing second primary malignancies, the incidence and mortality from second primary malignancies are likely to increase. There is ample literature describing the risk of second primary malignancies in certain site-specific survivor groups, such as patients with testicular cancer, 8 head and neck cancer, 15 and thyroid cancer. 12 However, to the best of our knowledge, less isknown regarding the risk of second primary malignancies across the spectrum of cancer survivors diagnosed with other, more common malignancies. In addition, it also is unclear from which sites these secondary malignancies most commonly arise or the cancer-specific survival rates for each second primary malignancy. Given that screening practices have been widely adopted for several commonly diagnosed cancers (breast, prostate, and lung), we believed a better understanding of the epidemiology of second primary malignancies could help to inform long-term outcomes for cancer survivors, among whom screening recommendations aimed at a broader population may not apply.
As such, the objective of the current study was to more clearly understand the risk of developing and dying of a second primary malignancy for survivors of the most commonly diagnosed cancers. We sought to describe the sites from which these second primary malignancies arise and estimate the mortality attributable to first and second primary malignancies in a large, population-based cohort. A clearer comprehension of the risk of developing and dying of a second primary malignancy could help to provide a better understanding of the appropriate long-term surveillance strategies.
MATERIALS AND METHODS

Data Set
We obtained data from the April 2013 release of the publicly available SEER database. This release from the SEER program compiled information regarding cancer incidence and survival from 18 population-based cancer registries throughout the United States and covers approximately 28% of the general population. 16 
Patient Cohort
We identified all patients diagnosed with a primary malignancy among the 10 cancer sites with the highest incidence in both sexes (ie, prostate, breast, lung, colon, rectum, bladder, uterus, kidney, melanoma, and non-Hodgkin lymphoma [NHL]). 1 We included cases of carcinoma in situ and clinically localized, regionally advanced, and metastatic disease. Although data were available through 2011, we limited the current study cohort to patients diagnosed between 1992 and 2008 to ensure 3 years of follow-up after a cancer diagnosis. We began by identifying all individuals in the data set who met the above criteria. We subsequently excluded cases in which the second malignancy had the same histology as the first malignancy (68,786 cases) and cases in which the second primary malignancy was diagnosed within 1 year of the first malignancy (557,346 cases) to prevent misclassification of metastatic primary malignancies as second primary malignancies. Finally, patients aged <18 years (6415 patients) were excluded. From this cohort, individuals with >1 pathologic diagnosis of cancer were identified and denoted as the second primary malignancy group. Cancer cases were categorized by site using codes from the ninth revision of the International Statistical Classification of Diseases and Related Health Problems maintained by the World Health Organization.
Primary Outcome and Covariates of Interest
The primary outcome was the diagnosis of a second primary malignancy, based on a diagnosis of 1 of the 10 most common incident cancer types after a prior diagnosis of another common malignancy. The secondary outcome of interest was death from a primary or secondary malignancy. Patient demographics included age in years (1835, 36-50, 51-65, 66-80, and ≥80), marital status (single, married/domestic partner, divorced/widowed/ separated, or unknown), race (white, black, unknown, and other [included American Indian, Alaska Native, and Asian/Pacific Islander]), sex (male or female), and year of diagnosis (1992-1996, 1997-2000, 2001-2004, and 2005-2008) . SEER merged ZIP code-level data for educational level and annual household income from the 2008 US Census data. Individual-level data were imputed from the percentage of patients holding a Bachelor's degree and the median annual household income in each patient's ZIP code, which was then stratified into quartiles. Tumor characteristics included grade (well differentiated, moderately differentiated, poorly differentiated, undifferentiated, and unknown/not applicable) and stage (in situ and/ or localized, regional, distant, unstaged, and unknown) based on the SEER Summary Staging Manual -2000.
Statistical Analysis
We generated descriptive statistics for the current study cohort and evaluated the association between covariates of interest and the development of a second primary malignancy using chi-square and 2-sided Student t tests. Next, we displayed the survival distribution estimate of a second primary malignancy using the Kaplan-Meier method. We then estimated hazard ratios (HRs), stratified by sex, using multivariable Cox proportional hazards models that incorporated our covariates of interest (first cancer site, age, race, marital status, tumor grade, stage, percentage of patients holding a Bachelor's degree, and median annual household income). We used the highest incident cancer as the referent group, which was prostate cancer for men and breast cancer for women. Finally, we calculated distributions of the cause of death in all patients and in patients with multiple malignancies stratified by first cancer site, and whether cause of death was due to a primary or secondary malignancy. All statistical tests were performed at the 5% significance level and conducted using SAS statistical software (version 9.4; SAS Institute Inc, Cary, NC). The current study was deemed to be exempt by the Institutional Review Board of the University of California at Los Angeles.
RESULTS
We identified 2,116,163 patients with first incident cancers who were diagnosed between 1992 and 2008, among whom 170,865 (8.1%) developed a second primary malignancy ( Table 1 ). The mean follow-up of the entire cohort was 7.09 years (standard deviation, 4.26 years), and when stratified by primary cancer type, the mean follow-up was >6 years in all primary cancer types except for patients with primary lung cancer, in whom the mean follow-up was 4.18 years (standard deviation, 3.52 years) ( Table 2 ). The majority of patients (60%) with a second primary malignancy were aged >65 years, and were older than patients without a second primary malignancy (aged 66 years vs aged 63 years; P<.001). Of those patients with a second primary malignancy, 85% were white; 63% were male; and 73% were survivors of either prostate, breast, colorectal, or bladder cancer. The majority of patients with a second primary malignancy (55%) had a welldifferentiated or moderately differentiated first cancer. Figure 1 shows the estimates of survival distribution functions of second primary malignancies by primary cancer site. Survivors of bladder cancer demonstrated the worst second cancer-free survival of all survivors of primary cancer, with 19% and 34% of survivors, respectively, diagnosed with a second primary cancer at 10 and 20 years. After bladder cancer, second primary malignancies were most commonly diagnosed among survivors of lung, prostate, colorectal, and kidney cancers. Figure 2 displays the distribution of second primary malignancy sites for the 10 primary cancers evaluated. The most commonly diagnosed second primary malignancy was lung cancer, representing 18% of all second primary malignancies, followed by colorectal cancer (12%), prostate cancer (9%), and bladder cancer (8%). Lung cancer was particularly common among survivors of bladder cancer, representing 25% of all second cancer diagnoses in this group. Among survivors of endometrial and thyroid cancer, breast cancer was the most frequently diagnosed second primary malignancy at 30.4% and 23.9%, respectively. In survivors of lung cancer, kidney cancer, colorectal cancer, and melanoma, prostate cancer was the most frequently diagnosed second primary malignancy.
In the Cox regression models, compared with men diagnosed with prostate cancer, men with a history of any other primary cancer type demonstrated an increased risk of developing a second primary malignancy after controlling for age at diagnosis, sex, race, marital status, tumor grade, stage of disease, educational level, and household income (Table 3) . Similarly, when compared with those diagnosed with breast cancer, women with a history of any other primary cancer type had an increased risk of developing a second primary cancer after controlling for the aforementioned covariates. In both men and women, the highest risk was observed for patients diagnosed with NHL, who had nearly 3 times the risk of developing a second primary malignancy compared with survivors of prostate cancer (hazard ratio [ ) had a considerably higher risk of developing a second primary malignancy compared with survivors of prostate and breast cancer. We observed similar results when assessing the development of an advanced stage second malignancy (ie, stage III or IV). We also noted an increased risk in both sexes of developing a second primary malignancy in all age groups when compared with those aged 18 to 35 years. In women, this risk was greatest among those aged 66 to 80 years (HR, 7.13; 95% CI, 6.63-7.65), whereas in men the risk was highest in those aged >80 years (HR, 15.24; 95% CI, 13.47-17.23). Table 4 describes the causes of death for patients in the current study cohort. In our cohort of 2,116,163 patients, 771,150 (36%) died. Cancer from either a first or second malignancy was responsible for 54% of all deaths. Among patients with a single malignancy, 52% died of their first and only cancer. For patients with 2 incident cancers, 13% died of their initial cancer whereas greater than one-half (55%) died of their second primary malignancy. This was greater than twice the percentage of patients who died of noncancer causes (23%). It is interesting to note that lung cancer was the most lethal malignancy; overall, 6% of the entire cohort and 12% of patients with a second primary malignancy died of lung cancer. Figure 3 shows the cause of death (first malignancy, second malignancy, or other) for patients with 2 primary malignancies, stratified by the site of the malignancy. In this analysis, patients with thyroid cancer were found to have the highest rate of death from their second malignancy, with 63% of patients dying of a second cancer, whereas patients with lung cancer had the lowest rate of death from their second malignancy, with 36% of patients dying of a second malignancy. A second primary cancer was responsible for at least 50% of the deaths noted in survivors of all the malignancies we examined, except for survivors of lung and kidney cancer. Figure 4 demonstrates the percentage and total number of patients dying of a given cancer stratified by first cancer versus second primary malignancy. A greater percentage of patients (56.7%) died of second primary lung cancer than cancer of any other given site. A greater overall number of patients (17,223 patients) died of second primary lung cancer than from all (primary and secondary) cases of melanoma, bladder cancer, thyroid cancer, kidney cancer, or endometrial cancer.
DISCUSSION
In this large population-based study, there were 4 notable findings. First, 1 in 12 survivors of common cancers developed a second primary malignancy, with lung cancer being the most commonly diagnosed second primary malignancy. Second, among this group, greater than onehalf (55%) died of their second primary malignancy, exceeding the percentage of patients with only a single cancer who died of that cancer. Third, patients with bladder cancer had the highest risk of being diagnosed with a second malignancy, with lung cancer being the most commonly diagnosed second primary malignancy. Finally, among patients with 2 malignancies, a lung cancer diagnosis was the most lethal, representing 12% of all deaths in this group, and representing a greater number of overall deaths than from melanoma, bladder cancer, thyroid cancer, kidney cancer, or endometrial cancer.
That second primary malignancies are common after all common primary cancers of highest incidence parallels prior reports that 8% of patients diagnosed with cancer between 1975 and 2001 were affected by a second primary malignancy. 17 Our reported percentage of second primary malignancies among adult cancer survivors exceeds the 3% to 4% of pediatric cancer survivors who develop a second cancer. 18, 19 This may reflect a common etiologic exposure (eg, tobacco smoke) contributing to the development of both primary malignancies. Another explanation may be that patients who develop cancer may, by virtue of their exposure to the health care system during treatment of their first cancer, undergo routine screening interventions, in turn leading to the diagnosis of a second primary malignancy. This is consistent with the findings of the current study, in which we noted an especially high rate of secondary prostate, breast, and colorectal cancers, all of which are commonly diagnosed through screening. 20 It is important to note that we observed a very high mortality rate associated with second primary malignancies, even exceeding that of patients diagnosed with a single cancer. Several factors may be contributing to this finding. First, lung cancer, which is known to be particularly lethal, represented the largest percentage of secondary cancers among the current study cohort (18%), and was likely a driving factor in the lethality of second primary malignancies in this study. The high incidence of secondary lung cancers in the cancer survivor population likely stems from several factors; these include exposure to tobacco smoke (a known etiologic agent for virtually all malignancies) as well prior treatment with chemotherapeutic agents and radiotherapy, which have been shown to be associated with modest risk increases for lung cancer. 21 In addition, patients with a second malignancy who received prior chemotherapy for their first tumor may not respond as well to a second round of systemic treatment. Finally, patients with second primary tumors were older than patients in the single-cancer group, and may have been relatively intolerant of aggressive treatment modalities. It is interesting to note that we found that survivors of bladder cancer demonstrated the highest incidence of second primary malignancies, with 10-year and 20-year incidence rates of 19% and 34%, respectively, and that lung cancer represented the largest percentage of second primary malignancies among survivors of bladder cancer, at 25%. These findings are consistent with prior studies reporting an increased risk of lung cancer in the population of survivors of bladder cancer. [22] [23] [24] [25] Both bladder cancer and lung cancer harbor some of the highest rates of somatic mutations of any malignancy, and both are strongly linked to exposure to tobacco smoke. The current study finding that survivors of NHL are at an increased risk of developing secondary lung cancers also is consistent with prior reports, 26, 27 most likely related to the therapeutic alkylating agents and radiotherapy commonly used in the treatment of lymphoma. 21 Before considering the implications of the current study findings, several methodological limitations deserve mention. First, the rate of second primary malignancies reported herein may have been overestimated given that these second malignancies could represent misclassified metastases from the primary tumor. However, by excluding all patients in whom the second malignancy was diagnosed within 1 year after the first malignancy (>500,000 patients) and by excluding those cases with identical histology (>68,000 patients), we believe that there is a low likelihood that metastatic recurrences from the first cancer were misclassified as second primary malignancies. In addition, the most common secondary malignancies (eg, prostate cancer, breast cancer, colorectal cancer, bladder cancer, and NHL) are unlikely sites for metastases. Second, SEER is a population-based data set that only captures cases in 18 registries in the United States. However, the comprehensive nature of the registry data, backed by an intense quality assurance protocol, makes generalizability of these results probable. Finally, due to the nature of the SEER data, we were not able to control for several well-known cancer risk factors such as smoking status or obesity, nor we were able to control for treatment-related factors such as radiotherapy or chemotherapy, which may alter findings related to second cancer incidence and survival. These unmeasured covariates are likely related to both the primary cancer as well as the development of a second primary malignancy and, as such, residual confounding cannot be ruled out entirely.
Despite these limitations, the findings of the current study have implications for cancer survivors. There is an increasing recognition of the long-term effects experienced by cancer survivors as a result of their cancer diagnosis or treatment, and site-specific cancer care survivorship guidelines exist for survivors of some adult cancers. 28, 29 Although these guidelines do address the risk of second primary malignancies, for the most part they recommend screening according to the guidelines developed for the general public, such as those published by the US Preventive Services Task Force. Although these guidelines may be appropriate for survivors of some cancers, the findings of the current study demonstrate that survivors of certain adult cancers are at a higher than average risk, and survivorship guidelines for these patients should incorporate this elevated risk into their recommendations. Survivors of adult malignancies may be screened according to guidelines for high-risk groups of individuals, as determined by certain well-described genetic or treatment-related risk factors. For example, those with BRCA1 or BRCA2 mutations are at risk of developing multiple neoplasms and are candidates for screening with annual breast magnetic resonance imaging, 30 as well as for ovarian cancer screening. 31 Individuals with Lynch syndrome are advised to undergo early and frequent colonoscopy. 32 Our observation that a significant percentage of cancer survivors will develop and die of lung cancer is consistent with the known epidemiology of lung cancer, which is the leading cause of cancer-related death in the United States, representing >25% of all cancer deaths. 1 Screening for lung cancer has been evaluated in at least 7 randomized clinical trials; in what to our knowledge was the largest of these studies, a 20% reduction in lung cancer mortality and a 7% reduction in all-cause mortality were observed. 33, 34 In 2014, the US Preventive Services Task Force released recommendations for lung cancer screening, which recommended annual low-dose chest computed tomography in patients aged 55 to 80 years with a 30 pack-year smoking history and who currently smoke or have quit within the last 15 years. 35 However, these trials generally excluded patients with a recent diagnosis of malignancy 34 and, as such, the applicability of these screening guidelines to survivors of a first malignancy are unproven. It is likely that a significant number of cancer survivors may meet the criteria for lung cancer screening based on age and smoking history alone. However, it may be that a history of prior cancer places an individual at a higher risk of developing a second cancer, independent of a history of exposure to carcinogenic agents, thereby potentially justifying screening for lung cancer, irrespective of age and smoking history. In the case of bladder cancer, for example, the majority of incident tumors are of low grade and stage, and although recurrences are common, they rarely are lethal. As such, the 5-year relative survival from bladder cancer is 80%, and the prevalence of patients with bladder cancer is large: it is estimated that in 2012 there were 577,403 individuals living with bladder cancer in the United States. 16 If we apply our finding of a 10-year cumulative risk of second primary malignancy of 19% to this population of survivors of bladder cancer, we estimate that these patients will develop >100,000 new cases of cancer in the subsequent decade, >25,000 of which will be primary lung cancers. Any potential benefits of screening would need to be weighed against potential risks. These include, but are not limited to: 1) falsepositive results triggering unnecessary interventions; 2) false-negative results with subsequent delayed diagnosis; 3) futile detection of small aggressive tumors that have already metastasized and for which early detection does not provide a survival benefit; 4) overdiagnosis of indolent disease for which unnecessary interventions are subsequently undertaken; 5) radiation exposure; 6) psychological and physical stress associated with diagnostic workup and intervention; and 7) increased health care costs. Further study would be required to determine whether screening for second primary lung cancer in cancer survivors has a favorable risk-benefit ratio, given that prior lung cancer screening trials excluded survivors of recent cancers. In addition, the question of whether there are certain high-risk subgroups, such as survivors of bladder cancer, in whom this strategy can improve overall survival will require further research.
Conclusions
Greater than 8% of patients diagnosed with 1 of the top 10 incident cancers were found to develop a second malignancy, with patients with bladder cancer having the highest cumulative incidence, reaching 19% at 10 years and 34% at 20 years. In the cohort of patients with 2 primary malignancies, >50% of patients died of their second cancer, and 12% of patients with 2 cancers died of lung cancer. The growing number of cancer survivors in the United States, coupled with the observed lethality of second primary cancers in the current study, suggests that investigation into effective detection and treatment strategies in this population is warranted. Second primary malignancy-free survival by primary malignancy site. Cause of death (first malignancy vs second malignancy vs other) among those with >1 cancer by first primary malignancy site. NHL indicates non-Hodgkin lymphoma. Percentage and total number of deaths by cancer site: first versus second primary malignancy. NHL indicates nonHodgkin lymphoma. 
